Flowers E, Won GY, Fukuoka Y. MicroRNAs associated with exercise and diet: a systematic review.
OBESITY IS A NATIONAL EPIDEMIC associated with substantially increased risk for numerous diseases (27) . Obesity is a complex, multifactorial condition that occurs in the setting of both innate and environmental risk factors (1) . Accordingly, there are interindividual differences in the etiology of obesity. In addition to surgery, there are two primary behavioral approaches to weight loss: increased physical activity and caloric restriction (14) . Both of these strategies exhibit variable effectiveness in the general population (17) . One explanation is inconsistent adherence to diet and physical activity recommendations. Another reason is that individuals differ in their environmental stimuli and underlying biology, and both of these mediate the response to physical activity and diet. Therefore, behavioral approaches to weight loss, although effective, are not fully successful at addressing the problem of obesity.
MicroRNAs (miRNAs) are posttranscriptional regulators of messenger RNA (mRNA). In addition to regulating normal and abnormal physiological processes, epigenetic events are hypothesized to be the mechanism by which adaptation to the environment occurs. Mature miRNAs are 18 -24 nucleotides in length. MiRNAs function primarily by binding to complementary region in the 3=-untranslated regions of mRNAs, thereby regulating translation of mRNA to amino acids (20) . MiRNA regulation is dynamic. Their effects can be temporary, when the miRNA temporarily binds an mRNA to suppress translation, or permanent, causing degradation of the mRNA strand (32) . The exact binding patterns of individual miRNAs and mRNAs are not fully understood. Currently, 2,603 discrete miRNA species are identified in humans (18) . A subset of these miRNAs (ϳ300) are detectable in blood from combined cellular and noncellular origins (18) . Importantly, while all circulating miRNAs may be useful clinical biomarkers, the origin (i.e., cellular vs. noncellular) is a fundamental consideration to understanding the underlying biological implication of individual miRNAs. Cell-free miRNAs found free, bound to protein complexes, and contained within exosomes, microparticles, and HDL-cholesterol in blood serum/plasma are hypothesized to originate from solid organs (34 -36) . By contrast, cellular miRNAs found in leukocytes may have a primary function in regulating gene expression in blood cells.
Prior studies identified blood-based miRNAs as predictors of obesity-related diseases (e.g., Type 2 diabetes, myocardial infarction) (38, 39) . In addition, changes in levels of miRNAs correlate with (3, 37) and possibly predict (10) responses to aerobic and endurance exercise training interventions in healthy adults. The identification of miRNAs associated with exercise, diet and weight loss, and response to these lifestyle interventions has three important clinical implications. The first is identification of specific molecular mechanisms underlying responses to diet and weight loss, enabling more tailored interventions for groups or individuals. Second, more precise evaluation of the types, frequency, and duration of interventions to reduce risk while minimizing adverse effects and patient burden (12) . Third, improved monitoring of response to weight loss interventions. Research is needed to determine whether miRNAs will be useful for tailoring weight loss treatments in clinical practice. The aim of this study was to systematically review, summarize, and synthesize what is known about circulating miRNAs associated with exercise, diet and/or weight loss in humans. To our knowledge, this is the first systematic review to examine changes in levels of miRNAs in relation to exercise, diet, and weight loss that might capture both beneficial and maladaptive responses. Findings from this review will identify knowledge gaps and facilitate design of tailored exercise, diet, and weight loss intervention studies in the near future.
METHODS
In collaboration with a professional librarian, a comprehensive literature search was performed according to the PRISMA guidelines (24) . We sought to identify human studies of blood-based or circulating miRNAs associated with exercise, physical activity, diet, and weight loss in adults. Search limits included peer-reviewed journal articles with full text available, written in English, and published between January 1, 1993 and May 1, 2014. We searched the PubMed, EMBASE, and Web of Science databases. Two searches were performed. One searched for studies reporting on relationships between miRNAs and exercise and/or physical activity. Key search terms included microRNAs, epigenetic, exercise, and related derivatives. The full search parameters are shown in the Appendix. The second search was for studies reporting on relationships between miRNAs and diet and/or weight loss. Key search terms included microRNAs, epigenetics, diet, weight loss, and derivatives. The full search parameters are shown in the Appendix. Articles that did not report on miRNA expression, that reported on noncirculating (e.g., skeletal muscle) miRNAs, and studies not conducted in humans were excluded. References of included studies were reviewed to identify additional studies meeting inclusion and exclusion criteria. Results of the search are shown in Fig. 1 . One author (E. Flowers) reviewed abstracts of all articles for inclusion.
A data extraction table was developed to record key information about included studies. One author (E. Flowers) read and extracted data from the included studies. The following study attributes were recorded: research question, study design, time frame, sample, tissue source, intervention, measurement of intervention dose, miRNA quantitation method(s), data normalization method, miRNA(s) measured, miRNA(s) differentially expressed, direction of differential expression, and fold-change when reported (Table 1, Table 2 , Table 3 ). The primary outcome measures were specific miRNAs identified and the direction and magnitude (i.e., fold-change) of differential expression for each miRNA in the experimental compared with control group or condition. Risk of bias within studies was determined by evaluation of the intervention, measurement of the intervention dose, and evaluation of how miRNAs were quantitated, including expression normalization. Risk of bias across studies was evaluated through careful evaluation of the methods and results sections by one reviewer (E. Flowers).
RESULTS
A total of 1,219 records were identified through database searches. Despite several iterations of the search parameters, 1,183 manuscripts identified in the search were excluded because of the following primary reasons ( Fig. 1) : studies reporting the results of studies from in vitro and animal model studies, studies not reporting on circulating miRNA expression, and reviews. The remaining 36 articles were selected for further assessment. Of these, 22 studies did not meet all inclusion and exclusion criteria: 13 were review articles that were excluded but were read to identify additional studies meeting inclusion, two articles described studies of methylation but not miRNA changes, six measured skeletal muscle expression of miRNAs, and one was a cross-sectional observational study of miRNAs associated with obesity but did not evaluate weight loss. Therefore, 14 studies that met all inclusion and exclusion criteria were selected for this systematic 
MiRNAs Associated With Exercise
Study characteristics. Two general study designs were utilized (Table 1) . Studies with a quasiexperimental design evaluated both acute miRNA expression changes following an episode of exercise (2, 4, 5, 8, 25, 29 -31, 33) and longitudinal changes in miRNA expression corresponding to prolonged exercise training programs (2, 3) . A cross-sectional observational design was used to detect associations with self-reported physical activity (40) . The geographic origin and racial makeup of the samples varied. The study samples included relatively healthy adults as opposed to obese individuals. The only sample that included women was the study of self-reported physical activity (40) . Five studies quantitated miRNAs from plasma (3-5, 25, 37) , four from serum (2, 8, 31, 40) , one from neutrophils (30), one from monocytes (29) , and one from whole blood (33) . Five studies utilized an agnostic approach to detection of miRNAs associated with physical activity by screening a large number of miRNAs with high-throughput quantitation methods (8, 29 -31, 33) . One study used an Affymetrix array to screen ϳ200 miRNAs (33) . The remainder of the studies used quantitation polymerase chain reaction (qPCR)-based microarrays followed by qPCR validation of individual miRNAs. The studies evaluating individual miRNAs selected based on a priori hypotheses used qPCR-based measurement (2-5, 25). All quantitation approaches have strengths and weaknesses (13) . While array-based methods offer high throughput, they have relatively poorer limits of detection for low-abundance miRNAs compared with qPCR or emerging methods, and subsequent qPCR validation is optimal (26) . The method of data normalization varied between studies with some using an exogenous spike-in control (2, 3, 25, 40) , some using an individual low-variability miRNA (2, 4, 8, 29, 31) , and some using a mathematically derived normalization value (i.e., geometric mean of miRNAs with low variability) (5). A consensus on optimal normalization approaches for miRNA analysis has not been established (26) .
Intervention characteristics. Ten of 12 studies measured miRNAs associated with cardiorespiratory fitness (2-5, 8, 25, 29, 30, 33, 37) , and the remaining two studies measured miRNAs associated with resistance exercise (5, 31) . Among the 10 cardiorespiratory fitness studies, six studies measured acute exercise (3, 5, 8, 25, 31, 37) , whereas two studies measured prolonged exercise (4, 25) (Table 4) . Cardiorespiratory fitness was assessed by cycle ergometry (2, 5, 8, 25, 29, 30, 37) , treadmill (33), rowing (3, 4) , marathon running (25, 37) , and self-report (40) . Resistance training included bench press (31), leg press (31, 37), butterfly (37) , and lateral pulldowns (37) . Studies measured miRNA expression associated with one episode of cardiorespiratory exercise (e.g., 30 min cycle ergometry) (8, 29, 30, 33, 37) , endurance exercise (i.e., marathon running) (25, 37) , and pre-/postexercise training over weeks to months (2) (3) (4) (5) 37) . Only one study performed comparisons of miRNA expression associated with all three cardiorespiratory conditions and resistance training (37) .
Risk of bias within studies. A summary of the risks of bias for individual studies is shown in Table 5 . All but one of the studies described a quasiexperimental study design. The remaining study had a less rigorous cross-sectional design (40) . Of the studies evaluating cardiorespiratory fitness, seven per- formed an objective evaluation of maximal oxygen uptake (V O 2max ) (2, 3, 8, 29, 30, 33, 37) . One study determined fitness by self-report and conversion to metabolic equivalents (40) . An additional limitation of this study is that a validated questionnaire was not used to collect activity data. Of the studies that evaluated resistance training, one used the One Maximum Repetition method to determine individual participants' maximum strength (31) . A second used the Borg rating of perceived exertion scale to determine the weight that should be used in the exercise session (37) . All studies used microarray followed by qPCR, which are acceptable approaches to miRNA quantitation. Synthesis of miRNA findings. A total of 70 miRNA isoforms were found to be differentially expressed across 12 exercise studies ( Table 2) . Fifteen miRNAs or their isoforms were measured in more than one study [i. In some cases, the direction of expression varied between studies. MiR-126, which has previously been associated with incident Type 2 diabetes (38), was measured in four studies. Two described increased expression in plasma following a marathon (4, 37), resistance training (4), low-intensity 4 h cycling (37) , and a cycle ergometer exercise test (37) . A study of miRNA expression in neutrophils following a brief cycling exercise intervention (30) found decreased expression of miR-126 as did the self-reported physical activity study (40) . MiRNA-126 targets vascular cellular adhesion molecule 1, which is expressed in endothelial cells and implicated in atherosclerosis (19) . Additional potentially relevant predicted targets of miRNA-126 include apolipoprotein A-V (APOA5), insulin-like growth factor 1 receptor, insulin receptor substrate 1 (IRS1), and insulin receptor substrate 2 (IRS2) (19) .
MiR-221 was measured in four exercise conditions across three studies. Increased expression in plasma was observed following cycle ergometry (3) and a 90-day exercise training program (3), whereas decreased expression was reported in monocytes following cycle ergometry (29) and serum following a lower limb resistance exercise (31) . Cyclin-dependent kinase inhibitor 1C is a validated target of miR-221 and predicted targets include estrogen receptor 1 (ESR1) and peroxisome proliferator-activated receptor gamma, coactivator 1 alpha (PPARGC1A) (19) . MiR-652 was measured in serum and initially found to be decreased in individuals with low compared with high V O 2max (n ϭ 24), but no significant differences were identified in a validation set (n ϭ 76) (8) .
There are fewer potentially relevant predicted targets of miR-652 (19) . Expression of miR-660 associated with cycle ergometry was measured in two studies, and increased expression was observed in monocytes (29) but decreased expression in neutrophils (30) . MiR-660 is predicted to target ESR1; IRS2; nuclear receptor subfamily 3, group C, member 1 (NR3C1); and PPARGC1A (19) . MiR-146a was measured in five conditions across three studies. Four conditions (i.e., following cycle ergometry, at rest, and postexercise following a 90-day exercise training program, postmarathon) were associated with increased expression in plasma (3, 4), whereas resistance exercise was associated with decreased expression in serum (31) . Predicted targets of miR-146a include IRS2, leptin, protein tyrosine phosphatase, nonreceptor type 1, solute carrier family 6 member 3 (SLC6A3), and steroid-5-alpha reductase, alpha polypeptide 2 (19) . Finally, miR-20a and miR-20b were measured in two studies. Both isoforms were decreased in neutrophils following cycle ergometry (30), but increased expression was observed in plasma following a 90-day exercise training program (3). A validated mRNA target of both miR20a and miR-20b is vascular endothelial growth factor A (VEGFA), which is expressed in endothelial cells, and a potentially relevant predicted target is ABCA1. Risk of bias across studies. Three studies evaluated miRNA expression originating in blood cells (29, 30) or whole blood (33) , while the remaining studies reporting on plasma or serum-based miRNA expression, these discrete sources of miRNAs likely reflecting different biological mechanisms. The study design was quasiexperimental in all but one of the studies reporting on miRNA associated with exercise. Five studies used an agnostic approach to detection of differentially expressed miRNAs, which decreases the risk of bias (8, 29 -31, 33) . However, among these studies, the specific microarray platform and number of miRNA targets included varied. For the remaining studies, an a priori approach for detection of miRNAs with some prior evidence for a role in response to exercise were quantitated. In some cases, individual miRNAs were quantitated and not found to be statistically significant and this was reported (3-5, 25, 40) . We cannot determine whether nonsignificant miRNAs were not reported in the remainder of studies that used the a priori approach.
MiRNAs Associated With Diet/Weight Loss
Study characteristics. Two studies evaluated miRNAs associated with weight loss (Table 1) (22, 28) . Milagro et al. (22) used next-generation sequencing to detect miRNAs followed by qPCR-based validation in peripheral blood mononuclear cells from women participating in a low-calorie diet intervention. A single miRNA (i.e., miR-148a) was used for normalization (22) . Ortega et al. (28) used qPCR-based arrays and validation in independent samples to evaluate miRNAs in plasma in men and women who underwent bariatric surgery or a low-calorie diet intervention. A set of stably expressed miRNAs was selected for normalization (28) . Both study samples were recruited in Spain. Intervention characteristics. Milagro et al. (22) reported miRNA expression changes associated with an 8 wk caloric restriction diet (800 -1,000 kcal/day) leading to Ն5% decrease in weight. Ortega et al. (28) reported miRNA expression changes associated with Roux en-Y gastric bypass surgery along with a 500 -1,000 deficient kcal/day diet for 14 wk resulting in 17% decrease in weight. Neither study incorporated a physical activity component to the intervention. Both studies used acceptable approaches to miRNA quantitation (i.e., microarray followed by qPCR validation).
Risk of bias within studies. The study designs were quasiexperimental. Both studies followed a rigorous protocol for the dietary intervention; however, the exact caloric restriction recommendations differed. Given the length of the intervention, daily caloric intake was not objectively monitored during the study period. Pre-and postintervention weight was assessed by trained study personnel following a protocol.
Synthesis of miRNA findings. Findings from the two studies on miRNAs associated with weight loss are shown in Table 3 . Ortega et al. (28) reported the cross-sectional association of miRNA expression with nonobese, obese, and morbidly obese individuals. In the screening and validation samples, 18 miRNAs (i.e., miR-15a, miR-21, miR-122, miR-125b, miR-126, miR130b, miR-140-5p, miR-142-3p, miR-193a-5p, miR-221, miR-222, miR-423-5p, miR-486-5p, miR-520c-3p, miR-532-5p, miR-590-5p, miR-625, miR-636) were found to be differentially expressed in obese and morbidly obese compared with nonobese (28) . To determine whether miRNA expression changes are associated with surgery-induced weight loss, a set of miRNAs that were aberrantly expressed in morbid obesity were evaluated before and after surgery. Ten miRNAs (i.e., miR-21, miR-122, miR-130b, miR-140-5p, miR-142-3p, miR193a-5p, miR-221, miR-222, miR-423-5p, miR-483-5p) were associated with a 33% decrease in body mass index (BMI) following weight-loss surgery (28) . Both studies evaluated miRNA expression associated with diet-induced weight loss. Ortega et al. (28) observed no change in miRNA expression after a 17% decrease in BMI in nine obese participants. Milagro et al. (22) found baseline expression of five miRNAs (i.e., miR-223, miR-224, miR-376b, miR-935, miR-4772) was associated with response (i.e., Ͼ5% weight loss) to a lowcalorie (800 -880 kcal/day) dietary intervention. Predicted targets of the miRNAs identified by Ortega et al. and Milagro et al. include many of the mRNAs targets also identified for miRNAs associated with exercise (i.e., ABCA1, APOA5, CNR1, ESR1, NR3C1, PPARGC1A, SLC2A1, VEGFA) as well as novel mRNAs with biological plausibility (e.g., Fas cell surface death receptor, glycogen synthase 1, interleukin 6 receptor).
Risk of bias across studies. One study evaluated miRNA from blood cells (22) , whereas the other study detected miRNAs in plasma (28) ( Table 3) . As with the studies of miRNA expression associated with exercise, both studies of diet/weight loss and miRNA expression had a quasiexperimental design. Both studies used an agnostic approach to detection of differentially expressed miRNAs, which decreases the risk of bias. However, among these studies, the specific microarray platform and number of miRNA targets included varied.
DISCUSSION
Taken together, the studies reporting miRNA expression associated with exercise support two important future directions. The first is detection of biological pathways implicated with the physiological effects of various modalities of exercise. Several studies identified differential expression of 1) miRNAs associated with cardiorespiratory versus resistance training, 2) miRNAs associated with acute versus prolonged exercise, and 3) acute-phase changes in miRNA expression compared with long-term changes after extended exercise training programs. There are numerous known and predicted mRNA targets of the miRNAs that exhibited expression changes in exercise studies, including mRNAs implicated in insulin sensitivity, endothelial cell function, Type 2 diabetes obesity, cardiovascular disease, and cognitive impairment. Functional studies evaluating the relationships between specific miRNAs or clusters of related miRNAs and their mRNA targets can provide information about the physiological effects of various forms of exercise. The second and more clinically relevant implication is miRNAs as biomarkers for prediction of response to exercise interventions. While exercise is widely accepted to have numerous health benefits, there is variability in the intensity and duration of exercise required for improved health outcomes (7, 16) . A related implication is monitoring of patient response to exercise interventions. Future studies can begin to investigate whether individual miRNAs and patterns of miRNA expression can be used to specify the type, duration, and intensity of exercise that will be most beneficial on a group or individual level.
Although the number of studies is limited, it appears that miRNAs are also associated with obesity and weight loss. In a cross-sectional analysis, miRNA expression differs between obese and nonobese individuals (28) . It is not known whether differences between normal weight, overweight, and obese categories of individuals can also be detected. Significant changes in miRNA expression are associated with surgeryinduced weight loss, but the evidence to support similar changes for diet-induced weight loss is weaker (28) . However, the findings from Milagro et al. (22) support the possibility that miRNAs might be useful biomarkers for prediction of response to a dietary weight loss intervention. This is an important potential clinical application that merits further investigation. Similar to exercise, dietary approaches to weight loss show a high level of interindividual variability in response. Identification of circulating miRNAs associated with weight loss following dietary changes has the potential to individualize dietary recommendations for maximum response while minimizing patient burden. In addition, improved understanding of the physiological changes associated with obesity and weight loss through identification of which pathways are targeted by circulating miRNAs creates the possibility for new treatment targets. These include mRNAs implicated in Type 2 diabetes, obesity, and cardiovascular disease.
None of the included studies utilized the most rigorous randomized clinical trial study design. The majority of studies reported a quasiexperimental design used to assess changes in miRNA expression pre-and postexercise in the same healthy individual. For the studies of exercise, there was generally a high level of rigor in quantitating the exercise intervention. All but one study (40) reported quantitation of fitness using an objective method (e.g., V O 2max ), which decreases possible bias. Similarly, studies of diet and weight loss followed a welldesigned protocol for administration of a dietary intervention. However, given the design of the study, precise quantitation of caloric intake was not feasible. For both exercise and diet, possible sources of bias across studies included varying selection of miRNA species measured. Many of the studies used the optimal agnostic approach for detection of differentially expressed miRNAs. Others used a less rigorous a priori approach to investigate miRNAs with a high probability for differential expression. There are several possible explanations for discrepant findings between studies of miRNA expression associated with exercise. The first is the type of exercise evaluated. Changes in miRNA expression represent up-or downregulation of specific genes or clusters of related genes in biologic pathways. The physiological changes associated with cardiorespiratory fitness differ from those associated with resistance training (15) . For example, miR-146a was increased immediately following acute exercise but decreased following resistance training. Similarly, there are both acute-phase and long-term responses to exercise and exercise training (15) . MiRNAs showing differential expression immediately following exercise may differ from those that are altered as a result of long-term training. MiR-20a and miR-20b both decreased following cycle ergometry but increased after completion of a 90-day exercise training program. Another explanation for discrepant findings is the source of the miRNAs. Circulating miRNAs can have a cellular origin, as in the case of the studies that evaluated monocytes (29) , neutrophils (30) , and whole blood (33) . Expression of cellular miRNAs may represent active regulation of genes activated in those cells. By contrast, the origin of miRNAs found in plasma and serum is unknown (6) . These miRNAs may reflect changes in regulation of genes associated with any tissue source. For example, during resistance training, skeletal muscle tissue is damaged and myocyte miRNAs may be sloughed into the circulation. Alternatively, miRNAs may be actively released in order to decrease intracellular regulation of specific mRNAs. The study sample sizes varied widely, and small studies may have limited generalizability to a larger and more heterogeneous population. Finally, miRNA data are normalized to avoid bias associated with differences in the amount of tissue used and efficiency of the quantitation method. Consensus on the best method for normalization of miRNA data before analysis has not been determined (9, 11, 21, 23, 26) , and different approaches to normalization represent another possible explanation for differences in the direction of effect between studies. Use of a single miRNA normalizer is subject to bias compared with mathematically derived values (e.g., global means, geometric means) and selection of which individual miRNA is used as a normalizer varies across studies.
There are also differences in the findings from the two studies that evaluated miRNA expression associated with diet and weight loss. Namely, one study found no differences in miRNA expression associated with diet-induced weight loss, whereas the other reported five miRNAs changed after weight loss. There was also incomplete overlap in the specific miRNAs differentially expressed following surgery versus diet approaches to weight loss. These differences may be due in part to the study designs. While one study used a pre-/postdesign to determine changes in miRNAs associated with dietinduced weight loss (28) , the other evaluated baseline miRNA expression associated with subsequent weight loss (22) . Second, one study used a commercially available panel to screen known human miRNAs from plasma (28) , while the other used a sequencing method to detect miRNAs in peripheral blood mononuclear cells (22) . There may not have been complete overlap in the specific miRNAs screened. Furthermore, the data normalization approach differed between studies. Both studies had small sample sizes that may not be generalizable to larger, more heterogeneous populations.
To develop and validate the current knowledge base regarding circulating miRNAs and exercise and weight loss, numerous future studies are needed. Consensus on the optimal tissue sources and data normalization strategies is needed in order to develop a robust body of literature to support the possibility of clinical applications of miRNAs. Future studies need to continue to carefully describe the origin of miRNAs quantitated in order to understand whether differentially expressed miRNAs are derived directly from blood cells or may have originated from distal tissue sources (e.g., skeletal muscle). Building from consensus on methodological issues, studies are needed to validate which specific miRNAs respond to exercise, Ն5% weight loss, and low-calorie diet and determine the time-course of changes in circulating miRNA expression. Additional future directions include studies to determine whether miRNAs are useful clinical biomarkers to predict response to weight loss interventions that incorporate both exercise and diet studies to differentiate miRNA expression changes associated with exercise from those associated with weight loss. In conclusion, circulating miRNAs appear to have an association with exercise and change in response to weight loss. The evidence for an association between circulating microRNAs and low-calorie diet is weaker due to a small number of studies. 
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